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Abstract
The rapid increase in the use of engineered nanoparticles [ENPs] has resulted in an increasing concern over the
potential impacts of ENPs on the environmental and human health. ENPs tend to adsorb a large variety of toxic
chemicals when they are emitted into the environment, which may enhance the toxicity of ENPs and/or adsorbed
chemicals. The study was aimed to investigate the adsorption and desorption behaviors of arsenic on ceria NPs in
aqueous solution using batch technique. Results show that the adsorption behavior of arsenic on ceria NPs was
strongly dependent on pH and independent of ionic strength, indicating that the electrostatic effect on the
adsorption of these elements was relatively not important compared to surface chemical reactions. The adsorption
isotherms fitted very well to both the Langmuir and Freundlich models. The thermodynamic parameters (ΔH
0, ΔS
0,
and ΔG
0) for the adsorption of arsenic were determined at three different temperatures of 283, 303, and 323 K. The
adsorption reaction was endothermic, and the process of adsorption was favored at high temperature. The
desorption data showed that desorption hysteresis occurred at the initial concentration studied. High adsorption
capacity of arsenic on ceria NPs suggests that the synergistic effects of ceria NPs and arsenic on the environmental
systems may exist when they are released into the environment.
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Introduction
With the large-scale production and widespread applica-
tion, the potential environmental risks of engineered
nanoparticles [NPs] have consequently attracted much
attention since NPs will be unavoidably released to the
environment after their production, use, and disposal.
To date, the potential environmental effects of NPs, in
any quantity, are largely unknown [1-3]; therefore, an
understanding of the transport, transfer, and fate of NPs
in the environment is an important issue for evaluating
their environmental and health impacts.
NPs usually exhibit remarkable physical properties,
rapid chemical reactivity, and high sorption capacity for
inorganic and organic compounds. Studies of the fate
and transport of NPs are largely concerned with how
their properties and behavior change over time, whether
they will interact with toxic contaminants after being
released into the environment or they will change the
anticipated impact of NPs themselves and the toxic con-
taminants when they interact with one another. For
example, recent studies showed that phenanthrene
could be adsorbed by iron and copper NPs through
hydrophobic effect and dipole interactions between NPs’
charged surface and phenanthrene [4]. Carbon nano-
tubes [CNTs] tend to adsorb toxic chemicals of atrazine,
and CNTs with adsorbed atrazine exhibited the toxici-
ties of both the toxic chemicals and CNTs themselves
when interacting with living organisms [5]. Therefore,
the potential environmental risks of NPs are exerted not
only from the NPs themselves, but also from the toxic
contaminants adsorbed by them [4,5]. Hence, knowledge
of toxic compound adsorption onto NPs is critical and
helpful for their risk assessment, and it is also useful for
understanding the effect of nanomaterials on the fate of
toxic compounds in the environment [4,5]. Unfortu-
nately, to the best of our knowledge, these studies are
limited within zerovalent metal NPs, CNTs, and related
materials [4,5]; there are no studies that have examined
the adsorption and desorption behaviors of toxic con-
taminants onto metal oxide NPs.
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provided the original work is properly cited.Ceria NPs are considered to be a representative mem-
ber of an industrially important class of metal oxide
NPs [6,7]; they can be used as automotive catalytic con-
verters [8], UV-blocking agents [9], and single, nano-
wire-based gas sensors [10]. Indeed, ceria NPs are on
the OECD list of priority nanomaterials for immediate
testing. However, at present, little ecotoxicity data are
available. Previous studies have demonstrated that ceria
NPs have toxic effects on cells [11,12], aquatic organ-
isms [13,14], and plants [15]; however, other reports
show that ceria NPs are able to rescue HT22 cells from
oxidative stress-induced cell death [16] and protect
against the progression of cardiac dysfunction [17].
These contradictory results suggest the complex beha-
viors of ceria NPs in the environment.
Arsenic is one of the most toxic elements and is found
virtually in all environmental systems as a result of both
geological processes and anthropogenic activities [18,19];
the USEPA has set a maximum contaminant level for
arsenic at 10 μgL
-1 in drinking water [20]. Adsorption
with metal oxides has been widely used to remove these
contaminants because of its effectiveness and simplicity
for point-of-use applications. However, since the envir-
onmental release of ceria NPs from various applications,
the NPs’ solid surface interactions with organic contami-
nants, such as arsenic, have become increasingly impor-
tant, and the subsequent behavior and effects of the
released NPs must be considered an urgent need.
Information on the interaction of free and aggregated
NPs with adsorbed chemicals is lacking from the litera-
ture, although studies suggest that the adsorption of
phenanthrene on nanosized zerovalent iron and copper
significantly decreases with the increase in pH, that
naphthalene exerted significant competition adsorption
with phenanthrene [4], and that Th(IV) adsorption onto
oxidized MWCNTs is endothermic [21]. The present
work investigated the adsorption and desorption beha-
viors of arsenic onto ceria NPs. The objectives include
(1) to quantify and predict the adsorption behavior of
arsenic on ceria NPs under different pH and ionic
strength, (2) to determine adsorption isotherms and
analyze regressively experimental data with Langmuir
and Freundlich models, (3) to study the adsorption of
arsenic at different temperatures and measure the
adsorption thermodynamic parameters (i.e., ΔH
0, ΔS
0,
ΔG
0), and (4) to investigate the desorption behavior of
arsenic at the ceria NPs’ surface using batch adsorption
experiments.
Experimental details
Materials and methods
All chemicals used were of analytical reagent grade.
Milli-Q water (18.2 MΩ cm, Millipore, Beijing, China)
was used for all solution preparation. Stock solutions of
arsenic were purchased from the National Institute of
Metrology (Beijing, China). These stock solutions were
kept at 4°C in darkness. Working solutions of arsenic
(0.4 to 40.0 μgL
-1) were prepared daily by dilution of
the stock solution with HCl. Working solutions of 20%
(w/v) potassium tetrahydroborate were prepared daily by
dilution of the KBH4 stock solution in 5% NaOH. Pre-
reducing solutions containing 10% (w/v)t h i o u r e a( B e i j -
ing Chemical Works, Beijing, China) and 10% (w/v)
ascorbic acid (Sigma, Sigma-Aldrich Corporation, St.
Louis, MO, USA) were prepared fresh daily in water.
Glassware used for the determination of arsenic was
soaked in a 10% (v/v) nitric acid solution and rinsed
with Milli-Q water.
Preparation and characterization of ceria NPs
Ceria NPs used in the experiments were synthesized
using a precipitation method as described in our former
reports [16,22,23].The resulting ceria NPs were charac-
terized with a Tecnai G
2 20 S-Twin transmission elec-
tron microscope (FEI Company, Tokyo, Japan) operated
at 200 keV and with dynamic light scattering, using a
Coulter Nicomp™ 3 8 0Z L SP a r t i c l eS i z eA n a l y z e r
(Santa Barbara, CA, USA). The surface area was charac-
terized by nitrogen adsorption/desorption analysis of
Brunauer-Emmett-Teller (Autosorb-1, Quantachrome
Instruments, Boynton Beach, FL, USA).
The X-ray diffraction [XRD] patterns for ceria NPs
were recorded on an X’ Pert PRO (PANalytical B.V.,
Almelo, The Netherlands) with monochromatized Cu
Ka radiation. The particle size of CeO2 was calculated
from the Scherrer formula using the (220) diffraction
peak of the respective cerium oxide [24].
Adsorption experiments
Adsorption isotherms by batch studies were conducted in
7-mL capped centrifuge tubes. Each tube containing 5-
mL varying concentrations of arsenic was mechanically
shaken on a horizontal motion shaker for 24 h (prelimin-
ary experiments had shown that all solid-solution mix-
tures reached apparent equilibrium within 2 h) at room
temperature (25°C). Thermodynamic parameters asso-
ciated with the adsorption processes were carried out in
temperatures of 283, 303, and 323 K. After centrifugation
(10,000 rpm for 10 min), the supernatant was sampled
and analyzed. The concentration of ceria NPs used for
the adsorption experiments was 5 g L
-1. Initial concentra-
tions of arsenic were ranged from 0.4 to 40.0 μgL
-1.A l l
experiments were conducted in triplicate.
The solution pH plays a critical role in the adsorption
of metalloid ions onto various adsorbents. To optimize
the pH for maximum removal efficiency, a sorption
experiment was conducted in the initial pH range from
1.0 to 13.0, adjusted using HCl or NaOH.
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sodium nitrate was from 1 × 10
-8 to 1.0 mol L
-1, arsenic
was added, and the batch equilibration was initiated
immediately. The effect of H2SiO3 colloid and Fe(OH)3
colloid on As(III) and As(V) adsorptions was examined
with the concentration from 2 × 10
-6 to 0.1 mmol L
-1
a n df r o m1×1 0
-7 to 0.05 mmol L
-1 for H2SiO3 colloid
and Fe(OH)3 colloid, respectively.
Desorption experiments
Desorption experiments of arsenic were carried out in
sequential decant-refill steps immediately following the
completion of the sorption experiments. The superna-
tant (4.0 mL) was removed and immediately replaced
by the same volume of background solution (0.01 M
NaNO3), and the vials were resealed and shaken. After
24 h of equilibration, the vials were centrifuged,
arsenic in the supernatant was determined, and the
amount of arsenic desorbed was calculated from mass
differences. The above process was repeated for four
complete cycles. All samples were performed at least
in triplicate.
Speciation and analysis of arsenic by hydride generation-
atomic fluorescence spectrometry
The AFS-9800 atomic fluorescence spectrometer (Beij-
ing Kechuang Haiguang Instrument Co., Ltd, Beijing,
China) was used for arsenic determination. The arsine
was generated by adding precise, known volumes of the
sample, a reducing solution of potassium tetrahydrobo-
rate solution (20%) and hydrochloric acid (10%) using
an autosampler. Also, a pre-reducing solution (thiourea
10% and ascorbic acid 10%) was used to pre-reduce
arsenic(V) to arsenic(III) when the task was to speciate
arsenic(III) and arsenic(V). Arsenic(V) was determined
by the difference between total inorganic arsenic and
arsenic(III).
Results and discussion
Characterization of ceria NPs
Precipitation method is an attractive, simple, and see-
mingly general method for producing high-quality ceria
NPs under optimum synthesizing conditions. The aver-
age particle diameter was 6.6 ± 0.9 nm (Figure 1a). BET
analysis demonstrated that the ceria NPs had high speci-
fic surface areas which were about 86.85 m
2 g
-1.T h e
size distribution of the hydrodynamic diameter of ceria
NPs was about 44.8 ± 1.6 nm.
The results of XRD in Figure 1b showed that ceria
NPs were a single-phase, cubic, calcium fluoride-type
structure with space group Fm3m, and no evidence was
found for the existence of impurities in the products
which was consistent with other reports [25].
Adsorption isotherms
Langmuir and Freundlich isotherms were employed to
describe the adsorption of arsenic on ceria NPs at 283,
303, and 323 K. The equation of the Langmuir isotherm
is given as Equation 1:
Ce
qe
=
1
qmaxKL
+
Ce
qmax
. (1)
The adsorption capacity qmax and adsorption constant
KL c a nb ed e t e r m i n e df r o mt h es l o p ea n di n t e r c e p to fa
linearized plot of Ce/qe against Ce.
The Freundlich isotherm is derived by assuming a het-
erogeneous surface with a nonuniform distribution of
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Figure 1 Characterization of ceria NPs.( a) TEM image of ceria NPs prepared in the present study. (b) XRD patterns of ceria NPs powders.
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expressed as follows:
qe = KfC
1/n
e . (2)
The equation can be written as a linearized form:
ln(qe)=l n ( Kf)+( 1 / n)1n(Ce), (3)
where Kf and n are the Freundlich constants: n gives
an indication of how favorable the adsorption is, and Kf
(mg/g (L/mg)
1/n) is the adsorption capacity of the adsor-
b e n t .I ft h ev a l u eo f1 / n is lower than 1, it indicates a
normal Freundlich isotherm; otherwise, it is indicative
of cooperative adsorption. The Freundlich constants can
be obtained from the plot of log qe versus log Ce.
Both Freundlich model and Langmuir model were
tested for fitting the arsenic adsorption data. Based on
those model equations, the adsorption parameters qmax,
KL, Kf,a n dn, and the correlation coefficient values (R)
of arsenic onto ceria NPs were obtained (Table 1). As
seen in Table 1, the adsorption of arsenic onto ceria
NPs was well fitted to the Langmuir isotherm model
with high R (0.9695 to 0.9815), and this result may be
due to the homogeneous distribution of active sites on
the surface of ceria NPs. Furthermore, the values of RL
for the Langmuir isotherm were between 0 and 1, and
the Freundlich constant 1/n was smaller than 1 (0.43 to
0.66), indicating a favorable process. The high adsorp-
tion capacity (qmax 17.08 to 18.05 mg g
-1) in the present
work reveals that the combination of ceria NPs and
arsenic may be efficacious on the environment. The
adsorption of arsenic (qmax and Kf in the Langmuir
model and the Freundlich model, respectively) increased
with the rise in temperature, illuminating an endother-
mic process for arsenic adsorption onto ceria NPs. The
adsorption isotherm was higher at 323 K than the other
two isotherms, whereas the adsorption isotherm at 283
K was the lowest. The results indicated that the adsorp-
tion of arsenic onto ceria NPs was favored at high tem-
perature and was blocked at low temperature.
Thermodynamic parameters associated with the
adsorption processes
The thermodynamic adsorption parameters can be cal-
culated from the variation of the thermodynamic equili-
brium constant K0 under different temperatures. The
standard molar free energy of adsorption [ΔG
0] is calcu-
lated from the relationship:
G0 = −RT lnK0. (4)
The average standard enthalpy [ΔH
0]i so b t a i n e df r o m
the slope of the linear variation of lnK0 versus 1/T.
lnK0 = −
H0
RT
+c o n s t a n t . (5)
The standard entropy [ΔS
0] is calculated from:
S0 =( H0 − G0)/T. (6)
The thermodynamic adsorption parameter values
obtained were given in Table 2. The adsorption enthalpy
of arsenic onto ceria NPs was 17.89 kJ mol
-1, indicating
that the adsorption process of arsenic onto ceria NPs
was endothermic. It was reported that the enthalpy of
physisorption was smaller than 20 kJ mol
-1 [22]. Based
on the above ΔH
0, it suggests that the adsorption of
arsenic onto ceria NPs is a physisorption process. The
positive adsorption entropy indicated that the degrees of
freedom increased at the solid-liquid interface during
the adsorption of arsenic onto ceria NPs. ΔG
0 values
were in the range of -1.40 to -4.18 kJ mol
-1 when the
adsorption temperature was from 283 to 323 K, and the
negative values of ΔG
0 indicated that the adsorption
process was spontaneous. The thermodynamic adsorp-
tion data indicated that the adsorption of arsenic onto
ceria NPs was an endothermic process, and the process
was favorable at high temperature. The results were
consistent with the adsorption isotherm results.
Adsorption and desorption
Figure 2 shows the adsorption and desorption isotherms
of arsenic on ceria NPs. There would be a correspond-
ing concentration-dependent effect in this study: the
Table 1 Isotherm model constants of three isotherm
models for arsenic adsorption onto ceria NPs
Model Parameters Temperature (K)
283 303 323
Langmuir model qmax (mg g
-1) 17.08 18.02 18.15
KL (L mg
-1) 0.063 0.066 0.24
R 0.9695 0.9704 0.9815
Freundlich model Kf (mg g
-1)( Lm g
-1)
1/n 1.32 1.40 2.32
n 1.54 1.52 1.77
R 0.9957 0.9948 0.9966
qmax, adsorption capacity; KL, adsorption constant; Kf and n, Freundlich
constants; R, correlation coeeficient.
Table 2 Thermodynamic parameters for arsenic
adsorption onto ceria NPs
Temperature (K) Thermodynamic parameters
ln(K0) ΔG
0
(kJ mol
-1)
ΔH
0
(kJ mol
-1)
ΔS
0
(J mol
-1 K
-1)
283 0.59 -1.40 17.89 71.52
303 0.65 -1.65 17.89 70.51
323 1.56 -4.18 17.89 80.78
ΔG
0, standard molar free energy of adsorption; ΔH
0, average standard
enthalpy; ΔS
0, standard entropy.
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hysteresis for 20 μgL
-1 of arsenic, while it had signifi-
cant desorption hysteresis when the initial concentration
of arsenic was 80 μgL
-1 with the thermodynamic index
of irreversibility ranging from 0.58 to 0.95.
Hysteresis is referred to as irreversible adsorption
which is reproducible and originates from a shift in the
equilibrium point when a reaction approaches equili-
brium from desorption direction rather than sorption
[4,26,27]. Similar result was reported by Shirvani et al.
that the quantity of Cd desorbed from the minerals after
five cycles of desorption was depending on the initial
load of Cd on the minerals [26]. Recent studies sup-
ported irreversible deformation as the cause of hysteresis
in flexible solids, such as natural organic matter and
organoclays [5,27]. During the adsorption-desorption
cycle, pore deformation may result in some of adsorbent
transferred to sites in the solid where free exchange
with molecules in the bulk fluid phase is no longer
possible.
Desorption of inorganic and organic contaminants
from the adsorbent is rapidly gaining recognition owing
to its importance to the fate, toxicity, and transport of
these contaminants in the environmental system. If the
contaminants would be released from the adsorbent in
significant concentrations, either in the environmental
or biotic mediums, they would be a risk for living
organisms. In this work, high adsorption capacity and
reversible adsorption of arsenic on ceria NPs suggest
t h a tc e r i aN P sm a yi n f l u e n c et h ef a t ea n db e h a v i o ro f
arsenic in the environment. Thus, ceria NPs with arsenic
may exhibit synergistic effects when interacting with liv-
ing organisms.
Adsorption characteristics of arsenic(III) and arsenic(V) in
different environmental conditions
Inorganic arsenic has four oxidation states: +5, +3, 0,
and -3. In the soil/water environment, it is mainly pre-
sent in the +3 and +5 oxidation states. In reduced envir-
onments, arsenious acid is a common arsenic(III)
aqueous species, whereas oxidized environments contain
more arsenic(V) aqueous species. These two aqueous
species may adsorb onto inorganic and organic compo-
nents and precipitate in a variety of forms. The environ-
mental fate of arsenic in subsurface environments is
highly dependent on the arsenic speciation, pH, ionic
strength, and the presence of adsorbents such as metal
oxides. Furthermore, there are many kinds of colloidal
solutions with different charges in water, for example, in
general, H2SiO3 colloid surface has a negative charge
and Fe(OH)3 colloid surface has a positive charge, which
may affect the adsorption of arsenic on ceria NPs. How-
ever, little investigation had been conducted on the
adsorption of arsenic by ceria NPs in different colloidal
solutions. The experiments below were carried out to
investigate the adsorption characteristic of arsenic onto
ceria NPs in different environmental conditions.
Both arsenate and arsenite adsorptions on ceria NPs as
a function of solution pH exhibited a parabolic adsorp-
tion curve which was showed in Figure 3. Adsorption
increased with increasing solution pH from pH 1 to 6
and then decreased with increasing pH from pH 6 to 13
for arsenate, which was similar to the report that arsenate
adsorption on the clays increased with increasing solu-
tion pH from pH 3 to 5 and decreased with increasing
solution pH from pH 5 to 9 [28]. As for arsenite, adsorp-
tion increased with increasing solution pH from pH 1 to
8 (the maximum adsorption was 70%) and then
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behavior was found for arsenite adsorption on the clays
and amorphous Al oxide [28]. The maximum adsorption
of arsenite occurs in the weak alkaline region, up to pH
10; OH
- competition for the arsenite centers at high pH
values which leads to the decreasing adsorption.
From Figure 3, it could also be found that arsenite is
commonly more strongly adsorbed on ceria NPs than
arsenate especially when pH was above 9. Theoretically,
arsenate is commonly more strongly adsorbed on ceria
NPs than arsenite since arsenate presents as H2AsO4
-
and HAsO4
2- when pH is from 2 to 8, while arsenite
presents as As(OH)3
0 species. Some reports showed that
at all pH values, arsenic(V) was more strongly bound
than arsenic(III) [28-30]. Thus, further experiments in
our future study should be carried out to study the
adsorption mechanism.
T h ee f f e c t so fi o n i cs t r e n g t ho nt h ea d s o r p t i o no f
arsenic(III) and arsenic(V) onto the surfaces of ceria
NPs were presented in Figure 4. The amount of arsenic
(III) and arsenic(V) adsorbed by ceria NPs was stable
with increasing ionic strength from 1 × 10
-8 to 1.0 mol
L
-1 NaNO3. Therefore, ionic strength generally had very
minor or no impact on the adsorption in this study.
Similar results were also observed by other reports
when iron oxide or other sorbents were used [31-35].
The ionic strength can influence the double-layer
thickness and interface potential; thereby, it can affect
the binding of the sorbed species [36,37]. The specific
and nonspecific adsorptions can be distinguished by
evaluating the effect of ionic strength on anion parti-
tioning [37]. It was reported that the specific adsorption
is unaffected by the change in ionic strength, whereas
the nonspecific adsorption is likely to be influenced
greatly by the change of ionic strength because of the
competitive adsorption with counteractions. The insig-
nificant impact of ionic strength indicated that the spe-
cific adsorption was found on the adsorption of arsenic
(V) and arsenic(III) by ceria NPs which resulted from an
inner sphere complex formation between arsenic and
the surface of ceria NPs. The strong pH dependence
and ionic strength independence further indicate that
the adsorption mechanism is mainly surface complexa-
tion rather than ion exchange.
H2SiO3 colloid was homemade with the particle size of
50 nm. Figure 5 reveals that arsenic adsorption on ceria
NPs increased significantly with the increasing of H2SiO3
colloid concentration from 2 × 10
-6 to 1 × 10
-5 mmol L
-1,
while it was stable when H2SiO3 colloid concentration
was from 2 × 10
-4 to 0.1 mmol L
-1. Meanwhile, ceria NPs
had lower adsorption capacity for As(III) than for As(V)
with the existence of H2SiO3 colloidal solution. The pos-
s i b l er e a s o nm a yb et h ed i f f e r e n tp Hi nt h e s es o l u t i o n s .
When the concentrations of H2SiO3 colloidal solution
were lower than 0.001 mol L
-1,t h ep Hv a l u e sw e r ef r o m
5.35 to 5.91. Acid dissociation [pKa] values for arsenious
acid are as follows: pKa
1 = 9.2 and pKa
2 = 12.1, while pKa
values for arsenic acid are pKa
1 =2 . 3 ,p Ka
2 =6 . 8 ,a n d
pKa
3 = 11.6. Therefore, at pH 5.35 to 5.91, the surface
has a net positive charge; As(III) exists in neutral
H3AsO3
0 which has less influence than the adsorption
for negatively charged As(V) species which exists in
H2AsO4
-. The inflections or maxima in the adsorption of
arsenic at pH values close to their pKa values are a well-
documented phenomenon [38,39].
Fe(OH)3 colloidal solution was synthesized in our
laboratory, and TEM showed that Fe(OH)3 particle was
a nanorod with 30 to 70 nm in long diameter. NPs with
a high specific surface area tend to adsorb a large variety
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toxic chemicals. It was found from Figure 6 that arsenic
adsorption on ceria NPs increased stably with the
increasing of H2SiO3 colloid concentration from 1 × 10
-
7 to 0.05 mmol L
-1;f u r t h e r m o r e ,c e r i aN P sh a dl o w e r
As(III) adsorption than As(V) adsorption under these
conditions. Such a difference in As(III) and As(V) sorp-
tion efficiencies on ceria NPs could be related to possi-
ble differences between arsenic surface complexes on
these different absorbents. Interestingly, a recent study
by Wang et al. [40] proposed that arsenate is absorbed
more efficiently than arsenite on green rusts: for
arsenate, the presence of binuclear bidentate double-cor-
ner complexes and mononuclear monodentate corner-
sharing complexes at the surface of green rusts, and for
arsenite, the presence of dimers of As(III) pyramids
binding to the edges of the GR1Cl layers by corner shar-
ing with FeO6 octahedra. On the other hand, Raven et
al. [39] observed that arsenite adsorption was higher
than arsenate adsorption on ferrihydrite throughout the
pH range of 3 to 11. These findings indicate that differ-
ent ferrous-based compounds have different adsorption
capacities for arsenic, which in turn complicates the
adsorption behavior of arsenic in ceria NPs.
Conclusions
The high adsorption capacity and reversible adsorption
of arsenic on ceria NPs clearly confirm that ceria NPs
can interact with arsenic when they are released into the
environment, which may influence the fate and behavior
of arsenic and may enhance the toxicity of ENPs and/or
arsenic. Taken together, the results indicate that studies
dealing with the potential ecotoxicological effects of NPs
for the environment have to be designed carefully in
order to have the defined understanding between the
NPs and the adsorbed chemicals in the environment.
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